A screw drive in-pipe robot is promising inspection equipment for small pipes. However, most of the existing screw drive in-pipe robots have problems of motion interference and slipping inside curved or irregular pipes. These problems result from the coupled relations among the steering motion, the motion speed and the load ability of the robot. In order to deal with the problems, the axiomatic design (AD) theory is applied to evaluate and analyze the existing designs. Then an uncoupled concept design based on the AD theory is proposed and the complete AD decomposition process is presented. After that, the proposed robot based on a tri-axial differential angle modulation mechanism is designed to realize the uncoupled concept. Finally, the uncoupled property is verified in a dynamics simulation system. The simulation results indicate that the motion speed, load ability and steering motion of the proposed robot can be adjusted individually compared with the robots that have inclining-angle-fixed rollers. Owing to the uncoupled design, the proposed robot can mechanically adapt to straight pipes and curved pipes with less roller slipping. screw drive, in-pipe robot, axiomatic design, tri-axial differential mechanism
Introduction
Pipelines are one of the main transportation facilities in the systems of petroleum, natural gas, heating and so on. Huge damage has been triggered due to the failure pipelines in recent years. Therefore, defect detection and regular maintenance are imperative [1, 2] . In-pipe robots have been widely applied into the defect inspection instead of manual operation. These in-pipe robots can move inside pipes with some specific detecting sensors to feedback the defect information efficiently. Varieties of in-pipe robots have been developed in recent years and can be classified into seven types. The PIG type equipped without any driving mechanism flows in pipes by the pressure of fluid [3] . The wheeled type has captured much attention of researchers due to the excellent motion performance [4] [5] [6] . The crawler type has an advantage of traction with the caterpillar mechanisms [7, 8] . The worm type is one that is pushed forward by the expansion and contraction of its body based on bionics [9] [10] [11] . The walking type has a complex structure and control algorithm with a high fabricating cost [12] . The snake-like type moves in a serpentine motion with series of actuated joints [13] . The screw type moves inside pipes with a helical motion like a bolt [14] [15] [16] .
The screw drive in-pipe robot can achieve efficient movement inside pipes with only one motor. Therefore, it has an advantage of miniaturization in small pipes due to the simple transmission mechanism. Recently, many achievements have been made in the studies on screw drive in-pipe robots. Iwashina et al. [17] developed a micro screw drive in-pipe robot that can walk in a pipe with a diameter of 20 mm or less. Hirose et al. [18] developed Theseus-Ι based on screw drive in pipes with 50 mm in diameter. Horodinca et al. [19] designed a series of screw drive in-pipe robots for pipes with 40, 70 and 170 mm in diameter. These robots with batteries and wireless communication can move in elbow and vertical pipes. Nishimura et al. [20] developed a screw drive in-pipe robot with a pathway selection mechanism and the robot can move in bent and T-branches pipes with only two motors.
The robots mentioned above all have passive rollers with fixed inclining angle. The structure design results in a coupled problem of the steering motion, the motion speed and the load ability in curved or irregular pipes. The problem brings about motion coupling and slipping that are disadvantageous for robot location and energy saving. Therefore, a decoupling method is needed to ensure the independence of the steering motion, the motion speed and the load ability. The axiomatic design (AD) is a systematic and scientific design method which was proposed by Suh in 1990 [21, 22] . This method can ensure design solutions decoupled and optimal by the way of zigzag mapping and two design axioms. The AD method divides a design into the consumer domain, functional domain, physical domain and process domain. The design process of the robot includes design aim, motion ability decomposition, configuration design, mechanism design and parameter design. Therefore, the robot design can be probably transformed into design domains of the AD. Then the AD method is employed to solve the coupled problem of the robot. Qiao et al. applied the AD method to a coupled problem of the in-pipe robot in which only Independence Axiom was considered [21] . This paper will analyze the coupled relationship existing in the previous designs inside curved pipes by the Independence Axiom. A new uncoupled design concept is then proposed based on the AD method. After that, the analysis and some details of the proposed robot based on the tri-axial differential angle modulation mechanism are presented. Finally, the validity of the uncoupled robot in straight and varied curved pipes is proved in the dynamics simulation system.
Coupled analysis based on AD

Fundamentals of AD method
Before applying the AD method, brief fundamentals are presented below. The design process generally includes the consumer domain, functional domain, physical domain and process domain as shown in Figure 1 .
The relative left domain presents what we aim to do and the relative right domain presents how we do to meet the requirements. The consumer domain is the design objective usually expressed as CAs. Function requirements (FRs) are presented to realize the design objective and design parameters (DPs) are created by mapping FRs to the physical domain. In order to obtain the final physical entity, a zigzag mapping way is applied between FRs and DPs. PVs represent the process design variables which are not considered in this paper.
The relationship between FRs and DPs can be expressed by eq. (1). Design matrix is denoted as [A] which presents the mapping relations as shown in eq. (1) . If A ij is nonzero, there exists some relation between FR i and DP j . On the contrary, there is no relation between them.
The validity of the design is guaranteed by two design axioms.
Independence Axiom: Maintain the independence of functional requirements.
Information Axiom: Minimize the information content. Based on Independence Axiom, the design solution can be acceptable only if FRs are all realized by DPs without influencing any other functional requirements. The design is acceptable when the design matrix in eq. (1) is diagonal or triangular. The diagonal one is called an uncoupled design and the triangular one is a decoupled design. Otherwise, the design is unacceptable and called a coupled design. Generally, several design solutions may be obtained under Independence Axiom.
Information Axiom serves as a tool to evaluate the acceptable solutions which satisfy the Independence Axiom. The design with the smallest information content is chosen as the best design based on Information Axiom.
The design process of the AD method can be described below:
Step 1. Determine the design target CAs in the consumer domain;
Step 2. Choose FRs of the first level based on CAs;
Step 3. In order to realize FRs, DPs are designed by the Independence Axiom;
Step 4. If DPs are not physical entities, decompose the DPs into sub-FRs of next level in a zigzag way and jump to
Step 3. Otherwise, the design is completed.
The decomposition levels and the topology structure display the detailed design process. Therefore an effective robot design solution can be obtained by the AD method.
AD decomposition of screw drive in-pipe robots with inclining-angle-fixed rollers
In order to find out the coupled reasons, the screw drive in-pipe robot with rollers in a fixed inclining angle is decomposed based on the AD method.
The existing designs of screw drive in-pipe robots can be described as shown in Figure 2 . The robot is composed of a stator, a rotator, and wall-pressing mechanisms. The stator that contains a motor serves as a mobile base. The rotator generates motion to push the body forward or backward. The wall pressing mechanism makes the robot adaptive to small changes in pipe diameter. The wall pressing mechanism consists of elastic arms and passive rollers that are arranged in a circular manner, 120 degrees apart from each other. It can support the robot body by pressing on the inner surface of the pipe. The passive rollers with a fixed inclining angle are mounted on the rotator and generate screw motions inside pipes. The existing designs almost adopt the screw drive mechanism with rollers in a fixed inclining angle.
In the view of AD principles, the consumer's requirement is the pipe defect inspection. Hence, we choose the functional requirement as inspection inside straight and curved pipes. A screw drive in-pipe robot is adopted to fulfill the function. Therefore, the FR and DP of the first level can be described as:
FR, inspection inside straight and curved pipes; DP, in-pipe robot with screw drive mechanism. Since the first level contains only one element, it is an uncoupled map from FR to DP. In order to achieve the design goal, the robot should contain three basic FRs that are providing power, closed-loop force in all kinds of posture, and generating motility. So the FRs at the first level can be described as: FR 1 , providing power; FR 2 , closed-loop force; FR 3 , generating motility. In order to realize the above functions, corresponding DPs are designed as motion control unit, wall-pressing mechanism, and screw drive mechanism. The DPs can be described as: DP 1 , motion control unit; DP 2, wall-pressing mechanism; DP 3 , screw drive mechanism. DP 1 presents a motor drive system and provides power for the robot. Wall-pressing mechanism (DP 2 ) makes the robot adapt to changes of the pipe diameter. As shown in Figure 3 (a), the robot needs to adjust the length of elastic arms to maintain contact with the inner face of the pipe or avoid coupling when the pipe diameter increases or decreases. Figure 3 (b) shows that the cross section edge between the plane on the rotator and the curved pipe is irregular. The robot will lose contact with the inner face of the pipe if there is no wall-pressing mechanism. DP 3 is realized by a screw drive mechanism with the angled passive rollers. 
(2) Figure 4 shows the zigzag map from functional domains to physical domains. According to the zigzag map, we can obtain the design formulation of the second level expressed in eq. (2). The first matrix on the right side of eq. (2) is the design matrix. Up to now, the design is uncoupled because the design matrix is diagonal.
In order to move inside straight and curved pipes with different loads, the DP 3 needs a further decomposition. The screw drive mechanism should contain three functions that are motion with a controlled speed, load ability and steering ability inside curved pipes as follows: FR 31 , motion at a controlled speed; FR 32 , load ability; FR 33 , steering ability inside curved pipes. For the robot with inclining-angle-fixed rollers, the DPs of the third level can be described as:
DP 31 , rotation of rotator; DP 32 , output torque of the rotator; DP 33 , constrained steering motion by reaction force of the pipe.
DP 31 transmits the revolving motion to an axial motion of the robot.
As shown in Figure 5 , ,   l i , , and v i denote the revolving velocity of the rotator, the length from the rotator center to the contact point, inclining angle of the rollers, and the axis speed component of each roller, respectively. Eq.
(3) shows the detailed velocity relation. As  is a certain constant, v i is relative to   and l i .   is controlled by the motor. l i are passively determined by the robot posture and the pipe geometry.
,max 3cos ,
As shown in Figure 6 , F a , τ, and f ni denote the load force acting on the axis, the output torque of the rotator and the normal friction, respectively. DP 32 provides the load ability through the output torque acting on the pipe wall. Eq. (4) gives the relationship of the force equilibrium in the axis direction of the robot. F a must be under constraint of f ni,max in eq. (5). If not, the robot will not move forward effectively due to the lack of driving force. Therefore, the maximum load ability that is denoted as F a,max can be obtained from eq. (6), when τ is large enough. DP 33 adopts a passive and rigid manner to steer the robot in curved pipes. 
Coupled analysis of screw drive in-pipe robot with inclining-angle-fixed rollers
FR 31 , FR 32 and FR 33 cannot be adjusted individually because DP 33 is a rigid steering motion. In order to turn in curved pipes, the robot must generate a large force to overcome the movement coupling with the pipe wall. Some problems must be brought in due to DP 33 . On one hand, the robot turning must accompany with slipping. Therefore, FR 31 is also affected by DP 33 with an additional sliding speed. On the contrary, the turning performance and the trajectory of FR 33 are also affected by DP 31 with different speed. On the other hand, FR 32 becomes difficult to be estimated because of the unstable state and slipping in the turning. On the contrary, the realization of FR 33 partly depends on the large output of DP 32 .
Therefore, the mapping relationship and design matrix of the third level can be written as 
The design matrix in eq. (7) is neither diagonal nor triangular. In the view of the Independence Axiom, this design solution is coupled and unacceptable. So, it is necessary to propose a new decoupled concept design with a better per-formance in curved pipes.
3 Uncoupled concept design of screw drive in-pipe robot
Decoupling analysis
The coupled design is mostly relative to DP 33 that is a rigid steering motion. The rigid property results from the unmatched speed of rollers in curved pipes. Therefore, the key to design decoupling relies on the speed matching of the three rollers, while the robot moves in curved pipes with screw motions.
We find some inspirations considering α in eq. (3). If α i (i=1,2,3) that denotes the inclining angle of the ith roller is changed regularly, it is feasible to modulate the speed of each roller to adapt to steering without coupling.
Firstly, we compute α i through the desired v i , assuming that the robot enters the curved pipe in a configuration as shown in Figure 7 (a). The plane determined by the contact points between angled rollers and pipe surface always passes through the curvature center O. R, R i and v 0 denote the curvature radius of the pipe, the steering radius of the ith roller and the axis velocity of the robot, respectively. Hence, we can obtain the velocity relationship as 
From eq. (10), the ratios of  1 ,  2 and  3 change along with the rotation angle  and v 0 . In consideration of the design feasibility,  i is not allowed to change unboundedly. Therefore,  i is set to change around  0 that is denoted as the initial value of  i . A constraint relation is expressed as
Eqs. (10) and (11) can be regarded as an equation set with independent variables  1 ,  2 ,  3 and v 0 . Obviously, we can always find out the feasible solutions through the four equations. Furthermore, the maximum load ability can be expressed as eq. (12) 
Therefore, the DPs at the third level are rewritten as follows:
DP 31 , rotation of rotator; DP 32 , output torque of the rotator; DP 33 , modulate α i regularly. 
To a large extent, the motion coupling and roller slipping are eliminated through matching the speed of rollers. Therefore, the motion speed, load ability and steering motion can be adjusted individually. The detailed explanation will be discussed in the next section. The mapping relationship is written as eq. (13) . The design is uncoupled so far because the design matrix is diagonal. DP 33 needs a further decomposition to obtain a physical component.
Concept design based on the AD method
In order to change α i , it is easy to come up with the method of distributed active control of each roller. However, this method needs three motor drive systems and a complex real-time sensor system for posture measuring of the robot. Although the design can be realized in theory, it is not an acceptable solution from the perspective of Information Axiom. Considering the narrow design space inside pipes, we need a solution with simple physical structure and easy control.
Although the three inclining angles are changing all the time in curved pipes, they are relative to each other based on eq. (10). For example, when the robot moves to a location of the pipe and α 1 is chosen, we can obtain v 0 from eq. (10). Then we can compute α 2 and α 3 by eq. (10). Hence, the fourth level decomposition of DP 33 is described as:
FR 331 , angle feedback; FR 332 , modulate α i interdependently. FR 331 is designed in order to feedback the expected α i that is obtained based on the position and posture of the robot in pipes. FR 332 allows the robot to change α i in real time.
If a differential mechanism is adopted, the correlative α i can be generated automatically based on the minimum stream power law. In order to get the angle feedback of α i , an off-center arm mechanism is adopted. So the DPs of the fourth level can be described as: DP 331 , off-center arm mechanism; DP 332 , tri-axial differential mechanism. Eq. (14) denotes the mapping relationship and the design matrix. The fourth level of decomposition is uncoupled because the design matrix is diagonal. The design satisfies Independence Axiom. Differential mechanism belongs to an under-actuated system and has a compact structure. 
As shown in Figure 8 , the design of the proposed robot can be decomposed into four levels. The solid line and the dashed line represent the functional domains and the physical domains, respectively. The line presents some relationships between the two boxes. The relationships between FRs and DPs are all independent. Therefore, the proposed concept of the screw drive robot based on the tri-differential angle modulation mechanism belongs to an uncoupled design. The concept design sketch of the proposed robot is shown in Figure 9 .
Design and analysis of differential angle modulation mechanism
As shown in Figure 10 , the robot consists of the stator unit and the rotator unit. The stator unit has three elastic arms with passive rollers at the tip of each arm. This unit mainly provides power with a drive motor and serves as a stator. The power is transmitted to the rotator by a coupler.
The rotator unit is composed of three elastic arms and differential angle modulation mechanism. The tip of each arm has an angled roller which is controlled by the differential angle modulation mechanism. The differential angle modulation mechanism is an under-actuated system based on a tri-axial differential mechanism [23] . Planet carrier H of the first planetary gear train is fixed to the rotator. Sun gear 1 is the first differential output. Ring gear 3 connects with planet carrier H2 of the second planetary gear train. Planet gear 4 and 4′ are mounted on the planet carrier H2 with bearings. Sun gear 6 and ring gear 5 are the second and the third outputs of the differential mechanism. Then the three differential outputs transmit power to corresponding elastic arms through spur gears. In order to assure the symmetry of differential outputs, we need to select proper numbers of gear tooth. We first obtain the angular velocity relationship as follows:
where i represents the index of a gear, z i is the number of tooth for the ith gear, respectively.  i denotes the angular velocity of the ith gear and gear arm. From eqs. (15)- (17), we can obtain a relationship between the input angular velocity and output angular velocities by eliminating  3 and  4 . The result is shown in eq. 
where T i and  i denote the torque and the revolving speed of the ith gear, respectively. We can also obtain a torque equilibrium expressed with eq. (20).
Considering the symmetry of system outputs, eq. (21) is defined as the torque relation between T 1 and T 3 . 
Then we can get the ratio relationship of the number of gear tooth from eqs. (15) and (22).
As for the second planetary gear train, we can also obtain the relation of the number of gear tooth by the similar deducing method above. The process is simply listed below. 
From eq. (24), the angular speed relationship can be obtained. proposed robot. Combining eq. (10) with eq. (11), we can establish a nonlinear equation set from which  i and v 0 can be got by Newton-Raphson method. After that, F a,max can be calculated according to eq. (12) . In order to observe the uncoupled characteristic, the value of R is set as 150, 225 and 300 mm, respectively.
As shown in Figure 11 ,  i changes regularly around α 0 whose value is set as 15°. The amplitude of α i varies with the value of R. The result presents that the steering motion can be always realized by differential angle modulation mechanism. As shown in Figure 12 , with respect to different R, the values of v 0 generally stay unchanged with a small fluctuation when   and  0 are the same. This result proves that the motion speed is independent of the steering motion. In other words, they are uncoupled. As shown in Figure 13 , the value of F a,max can be also regarded as constant in the three curved pipes. F a,max is relative with F ni,max ,  and  0 . It is uncoupled with the steering motion. Therefore, the proposed robot is an uncoupled design. In other words, the motion speed, load ability and steering motion of the proposed robot can be adjusted individually. However, the existing robots with coupled designs cannot achieve this goal.
Simulation
Simulation environment
A simulation platform including the physical prototype of the robot and the pipe environment is built in the ADAMS software. On the platform, the robot complies with the transmission relationship presented in section 4 by the joint constraints. Contact constraints are applied between the rollers of the robot and the pipe. In the simulations, the angular speed of Motor is the single input. Some parameters of the robot in the dynamic simulation platform are listed in Table 1 . Two groups of simulations are implemented. One group is the verification test of the characteristics for the proposed robot in various pipes; the other group is the simulation to observe the coupling properties by comparing the proposed robot to the screw drive in-pipe robot with inclining-anglefixed rollers.
The robot is designed for the straight pipe and curved pipes with varied curvature radius. Therefore, we choose pipes with different parameters as shown in Figure 14 . D, R,  and denote the pipe diameter, radius of curvature, steering angle, and the pipe inclining angle, respectively. The gravity is in the direction of Y-axis. In the simulations, different parameters of pipes have been tested to fully verify the validity of the proposed robot. Several simulations are realized to observe the motion abilities of the robot in pipes with varied steering angles, varied curvature radius and different pipe inclining angles.
Motion ability tests
Pipes with varied steering angles
Several typical pipes in engineering applications are chosen in the simulations to see whether the proposed robot can pass through pipes with varied steering angles. The pipes are placed horizontally when  is 0°. R is selected as 225 mm.  is chosen as 0°, 90° and 180°, which denotes a straight pipe, a U-pipe and an elbow pipe, respectively.
The results show that the proposed robot can adaptively pass through the pipes with different values of . As shown in Figure 15 , the profiles represent that α i (i=1,2,3) changes adaptively depending on the structure of the pipes. As shown in Figure 15 (a),  i is almost unchanged when the robot moves in the straight pipe. This is because the reaction force on each screw roller is basically equivalent and the tri-axis differential angle modulation mechanism hardly works. Small changes of α i result from the elasticity of the wall pressing mechanism and the gravity. The structure of the robot is not symmetrical strictly even in a straight pipe.
In order to obtain a coincident forward speed of each roller, the differential angle modulation mechanism adjusts α i adaptively.
As shown in Figure 15 (b), the profiles differ from those in the straight pipe when the robot moves into a curved pipe. Since the space of the curved pipe is limited, the rollers of the rotator will move out of the curved pipe just before or when the rollers of the stator move into the curved pipe. Therefore, the amplitude of α i changes all the time after the robot moves into the curved pipe. Figure 15 (c) shows the results when the robot is in a U-pipe. When the robot is completely in the curved stage, the amplitude, phase and frequency of the curves are stable. The black lines in Figure 15 ential angle modulation mechanism is valid.
As shown in Figure 16 , the tracks of the three screw rollers in the U-pipe are given. We can see that the track curves are smooth and continuous. The black solid line in Figure  16 represents the track of the rotator mass center. The track is consistent with the outline of the U-pipe. In conclusion, the above simulation results show that the proposed robot is able to pass through the pipes with different steering angles adaptively.
Pipes with varied curvature radius
We choose several horizontal pipes with  of 90 °. As D is equal to 150 mm, we choose R as 150 mm (R=D) and 225 mm (R=1.5D).
As shown in Figure 17 , the results indicate that the proposed robot can adapt to the pipes with different radius of curvature. The curves in Figure 17 
Pipes with varied pipe inclining angles
The pipes are usually positioned in different posture to meet different connection requirements. Therefore, the robot needs to move in pipes with different pipe inclining angles.
In the simulations,  is chosen as 0°, 45° and 90°. Figure 18 shows the output torque of Motor. The results indicate that the robot can climb up pipes with different values of . When the value of  is bigger, the robot needs more output torque to conquer the resistance force.
Performance comparison
The coupling properties cannot be verified directly without the precise model of the robot in curved pipes. Therefore, an indirectly and contrastive method is adopted to observe the coupling properties of the proposed robot.
In the same pipe with an elbow of 90 degree and two straight pipes, we observe the motion distance, the motion time and the output torque of the proposed robot compared with the robot with the fixed  i . The robot with the fixed  i is called the existing robot for short. In order to ensure the fair of simulations, the only difference is whether  i is changeable or not.
Several groups of simulation results are listed in Table 2 . The robots start and stop at the same positions in the pipe. In the second row of Table 2 , the results show that the proposed robot uses less time (10.06 s) than the existing robot (10.75 s). The comparison result presents that the uncoupled design of the proposed robot decreases the slipping of rollers. On the contrary, the existing robot moves with slipping. We can see from Group 1, 2 and 3 that the motion times of the proposed robot 10.06, 14.85 and 29.65 s are inverse-proportional to the rotational speed   of 3, 2 and 1 rad/s. This proves that the motion speed is not affected by the steering motion, and can be adjusted individually by   .
The property makes the robot location inside pipes more predictable. However, the motion speed of the existing robot is not well proportionable with the rotational speed   that can be seen in Group 1, 2 and 3. Therefore, the motion speed of the existing robot is influenced by the steering motion in an unpredictable way due to slipping. In Group 4, the pipe is positioned vertically with  equal to 90 °. Therefore, a changeable load force from gravity is acted on the robot. In comparison of Group 1 and Group 4, the motion times of 10.06 and 10.35 s are almost the same. The results present that the motion speed and steering motion are not influenced by the load force.
As shown in Figure 19 , the red and green lines present the motor torques that are generated by the existing robot and the proposed robot, respectively. In a global view of Figure 19 , we can conclude that the output torque of the existing robot is greater than that of the proposed robot, which largely results from the coupled design of the existing robot. Additional output torque is needed to conquer the resistance force from the motion interference and the slipping of rollers. Therefore, the load ability of the existing robot is influenced by the steering motion. As to the proposed robot, the uncoupled design through the differential angle modulation mechanism allows the rollers to change v i self-adaptively based on the pipe structure. Therefore, no additional resistance force can perturb the load ability. The load ability can be adjusted individually by the output torque.
To sum up, the proposed uncoupled design improves the performance of steering motion in curved pipes. It decreases the influence of steering on the speed and output torque of the motor. The motion speed, load ability and steering motion of the proposed robot can be adjusted individually compared with the robots with inclining-angle-fixed rollers.
Conclusions
This paper proposed an uncoupled design solution of the screw drive in-pipe robot based on Axiom Design method. The proposed robot can pass through straight pipes and var- ied curved pipes adaptively. A complete AD process for the proposed robot was given out after analyzing the screw drive in-pipe robot with a coupled design. The proposed robot with only one motor has been mainly designed by a differential angle modulation mechanism. The uncoupled design improves the in-pipe environmental adaptability and decreases the influence of steering on the speed and output torque of the motor. Simulations have been implemented to verify the validity of the proposed robot in varied pipe environments. The results indicate that the proposed robot has a better performance compared with the robot with fixed inclining angle of rollers. The robot is thus competent to move smoothly in straight and varied curved pipes.
